Chlopyrifos (CPF) is an organophosphate, implicated in brain damage and cognitive deficits, whose consistence deposit in the environment has contributed to the toxicity burdens of xenobiotics. This study investigated the efficacy of Nigella sativa oil (NSO) against CPF insults on the hippocampus. Thirty-two rats were randomly divided into four groups of eight rats each, exposed to 1 ml/kg of Normal saline, 14.9 mg/kg of CPF, 14.9 mg/kg of CPF plus 1 ml/kg of NSO and 1 ml/kg of NSO respectively for 14 consecutive days. The rats were exposed to 3 trials each on the 11-13 days in the Morris water maze, and subsequently latency to hidden platform and time in the platform quadrant were recorded as measures of long term memory (LTM), short term memory (STM) and reference memory (RM) on the 14th day. The rats were euthanized on day 15, the brains excised, and the hippocampus of five brains removed, homogenized to analyze for total reactive oxygen species (ROS), nitric oxide (NO) levels and acetylcholinesterase (AChE) activities, while the other three were processed for histology and Ki67 immunohistochemistry. CPF caused a marked increase in hippocampal NO and ROS activities, depleted AChE activities and Ki67 expressions, delayed escape latency and reduced visit to the platform quadrant. Intervention with NSO depleted ROS/NO levels, improved neurogenic proteins, AChE activities and neuro-cognitive markers depletions in CPF exposure. Altogether, our findings showed that NSO is a potential * 2 A. Imam, A. Lawal and L.A. Oyewole et al. / Scientific African 1 (2018) e0 0 0 08 therapeutic drug for the treatment of CPF-induced cognitive deficit through its antioxidant property and adult neurogenesis in rats.
Introduction
Organophosphates (OPs) are widely used synthetic chemicals that are found in both the domestic and agricultural sectors to assist with pest control [62] . However, poisoning by these agents has been reported, particularly in developing nations, posing a serious public health problem with several cases reported each year [49] . Chlorpyrifos (CPF), [O,O-diethyl-o-(3,5,6trichloro-2-pyridyl) phosphorothionate] is among the most effective and widely used organophosphate pesticide (OP) pesticides in the world [35, 65] . Acetylcholinesterase (AChE), an enzyme that hydrolyses acetylcholine (ACh) in the cholinergic synapses and in the neuromuscular junctions, is the primary target of CPF. It inhibits the enzyme, resulting in the accumulation of ACh in the synapses which results in hyperactivity in the cholinergic pathways [50, 58] . The build-up of ACh in the synapses has been implicated in many conditions, including convulsions, cognitive deficits, movement disorder, respiratory diseases, metabolic deregulations, and neurologic disorders [38, 42] . Nonetheless, it appears that AChE inhibition is not sufficient to result in severe, long-term cognitive deficits observed in CFP-treated rodents as other non-cholinergic pathways may be involved [14, 60] . Understanding other non-cholinesterase pathways of CPF would provide us with a better understanding of the therapeutic strategies for pesticides-induced cognitive impairment. In addition, available evidence suggests that CPF-induced toxicity also involved reactive oxygen species (ROS) generation resulting in oxidative stress in affected tissues. After oral administration of CPF accumulates in the brain causing long-term brain damage, neurotoxicity [32, 59] , and in different organs eliciting reproductive toxicity [19, 36] , hematotoxicity [18] , developmental toxicity [13] , cardiotoxicity [10] , hepatic dysfunction [21] .
In the mammalian brain, the hippocampus is characterized as the primary structure for learning and memory formation [61] . The dentate gyrus (DG) is responsible receiving and integrating sensory inputs from the entorhinal cortex to the CA3 then to the CA1 in the classical tri synaptic pathway [7] , which is clinical for learning and memory [56, 64] . Each hippocampal subfield has specific cell types and plasticity contributing differentially towards the process of acquisition, storage and recall of learning and memory [46] . Disruption of synaptic and biochemical architecture of different hippocampal subfields as a result of chemical exposure has been extensively implicated in the pathophysiology of cognitive deficits and emotional behavior-related disorders [24, 44, 45] . Even though, there exist useful researches on the pathophysiology underlying the development of cognitive deficits, such as dementia, effective treatments remain elusive.
Nigella sativa (NS), also called the black seed, belongs to the botanical family of Ranunculaceae. It is most found in Eastern Europe, the Middle East and Western Asia [20] . Several studies revealed that NS seeds and oil can be used to treat a variety of diseases, pointing to some of its pharmacological properties. Most of its therapeutic efficacies have been strongly linked to composite bioactive compounds, including thymoquinone, alkaloids, riboflavin, piridoksin, niacin, folic acid, minerals and proteins [33, 51, 52] . The reports of these pharmacological properties includes but not limited to the efficacy as antioxidant [2, 31, 32] , anti-inflammatory [4] , haematoprotective [3] , neuroprotective [ [27] , [28, 30] - [32] , [34] ], improvement of male infertility [40] , efficacy in neurodegenerative diseases [5, 16] and in memory enhancement [27, 28, 30] .
Here, we set out to investigate the efficacy of NSO in ameliorating CPF-induced oxidative and neurogenic damages, with subsequent effects on learning and memory functions in rats.
Materials and methods

Chemicals and drugs
Chlorpyrifos (PubChem Substance ID 329756699) PESTANAL®, analytical standard was purchased from Sigma (Sigma-Aldrich)(St. Louis, MO, USA), while the Normal saline solution was prepared in our laboratory. The Nigella sativa oil (concentration; 100% black seed; HUSNA black seed oil, Fazhab Agency, Karachi, Pakistan) was purchased from a TIBB-medical store in Ilorin, Kwara state, Nigeria.
Animals and experimental design
Thirty-two adult male Wistar rats weighing between 150 g and 170 g were obtained from the University of Ilorin Biological garden, Ilorin. They were housed in cages and fed with standard laboratory diet and water ad libitum, in the animal holding unit of the Faculty of Basic Medical Sciences, College of Health Sciences, University of Ilorin, Ilorin. The rats were exposed to a 12 h light/dark cycle at room temperature for 7 days before the commencement of the experiments. All rats were handled in accordance with the standard guide for the care and use of laboratory animals.
Treatment schedule
The rats were randomly divided into four groups ( n = 8) as follows:
Group 1 (control)-were given Normal saline (1 ml/kg orally) daily Group 2-were given CPF (14.9 mg/kg orally) daily Group 3-were given CPF (14.9 mg/kg orally) plus NSO (1 ml/kg orally) daily [32] Group 4-were given NSO (1 ml/kg orally) daily [3, 27, 28, [30] [31] [32] .
The experiments were all conducted in the morning (between the 07:00 and 09:00 hours), and treatments with substances span a period of fourteen consecutive days.
Ethical approval
This research work was approved by the University of Ilorin ethical review committee (UERC) (UERC/ASN/2017/856), following the recommendation of the College of health sciences ethical review committee, in compliance with the Institutional Animal Care and Use Committee (IACUC).
Behavioral evaluations
The rats were subjected to behavioral evaluations on the 14th day of the treatment to assess short-term, long-term and reference memory in the Morris water maze (MWM) paradigm.
MWM procedure
The MWM apparatus in this study was used to assess the changes in memory indices following exposures to CPF and/or NSO in Wistar rats [43] . Each of the rats ( n = 32) were placed in a black, circular pool, which was filled with 23-24 °C water (pool dimensions: 60 cm deep × 136 cm diameter). The pool was divided into four quadrants, labeled north (N), east (E), south (S) and west (W). It contained a circular platform (10 cm diameter, 28 cm high) that was submerged (about 2 cm below water surface) in the central area of the SW quadrant of the pool. The rats swam until they found the platform (total time allowed on the platform = 15 s). If the subjects were unable to find the platform after 60 s of swimming, they were gently guided to the platform. The rats were then removed from the pool, dried and placed in their cage for 5 min. Each of the trials was recorded with the aid of a video system.
Animals received a training session (three trials per session), for three consecutive days (days 11, 12 and 13 of the experiment). Each of the trials was a maximum duration of 60 s. The time interval between trials was approximately 30 s in duration. 24 h after the acquisition phase, the time it took the subjects to find the hidden platform (referred to as 'escape latency') was recorded as long-term memory (LTM). An average of the escape latency of the two subsequent trials was recorded as short-term memory' (STM).A probe test was also conducted by removing the platform and allowing the rats to swim freely in the pool for 60 s; the time spent in the target quadrant, which had previously contained the hidden platform, was recorded as the reference memory on day 14 of the experiment. The time spent in the target quadrant indicated the degree of relative memory consolidation, which had taken place after learning [27] [28] [29] [30] .
Biochemical evaluation
Once the treatment period was completed, the rats were euthanized with an overdose of Ketamine (10 mg/kg ip) and their brains dissected and weighed. Blocks of hippocampal tissue (from Bregma −2.5 mm to −4.5 mm) were removed from the brains of five rats (from each of the four groups), dipped in 30% sucrose solution, homogenized and portions centrifuged at 2500 rpm for 10 min. The supernatant was then collected in tubes containing the compounds for NO metabolites and ROS analysis. ROS was measured by monitoring the increasing fluorescence of DCFH-DA following a previously described procedure using flow cytometry (Partec, Deutschland) equipped with a 488 nm argon ion laser and supplied with the Flomax software and the signals were obtained using a 530 nm band pass filter (FL-1 channel). Each determination was based on the mean fluorescence intensity of 10,0 0 0 counts [1] .
The remaining tissue homogenate was added to the Griess reagents, sulfanilamide and naphthyl ethylene diamine solutions to measure nitrate/nitrite production (NO metabolites). Absorbance was measured with the aid of a microplate reader and the levels of NO metabolites were calculated from a standard curve [9] . The remaining portions of the homogenized hippocampal tissues were placed in phosphate buffer with 1% Triton-X 100 and centrifuged at 50 0 0 rpm for 10 min. The 
Tissue processing and histopathology
After euthanasia and extraction of the three rat brains from each of the groups, the brains were fixed in 10% formalin for 24 h. The hippocampal blocks (from Bregma −2.5 mm to −4.5 mm) were removed, dehydrated through ascending grades of alcohol, cleared in xylene and embedded in paraffin blocks. Every second hippocampal tissue section (5 μm in thickness) was stained with Cresyl fast violet (CFV) for Nissl substances or immuno-stained to reveal Ki67 protein containing nuclei in the tissues. The sections were finally examined under an AmScope 40X-2500X LED Lab Compound Microscope, and photographed using the AmScope 5.0 MP USB Still Photo & Live Video Microscope Imager Digital Camera 5MP, manufactured by iSCOPE corp., USA.
Immunohistochemistry for Ki-67
The Ki-67 is a chromosome-associated protein present during division (G 1 , S, G 2 , and M phases but absent from cells at rest, G 0 ). Paraffin embedded sections were incubated for epitope retrieval in citrate buffer, pH 6.0, at 90 °C for 40 min, followed by incubation in endogenous peroxidase blocking reagent, 0.6% H 2 O 2 in Tris-buffered saline (TBS)-Triton (0.05% Triton X-100 in TBS, pH 7.4) for 30 min at room temperature. Thereafter, sections were pre-incubated in 2% serum (normal goat serum) + 0.1% bovine serum albumin (BSA) + 0.25% Triton in TBS for 60 min at room temperature. The sections were then incubated with polyclonal rabbit-anti-lyophilized-Ki-67p antibody (Novocastra, Newcastle, UK; 1:50 0 0 in pre-incubation solution) overnight at 4 °C. Incubation with biotinylated goat anti-rabbit IgG (1:10 0 0 + 2% normal goat serum + 0.1% BSA in TBS; Vector lab, CA, USA;1:250) was performed for 2 h at room temperature followed by incubation with streptavidin-biotin complex (Vecta stain Elite ABC kit) and stained with 3,3 -diaminobenzidine (DAB) as chromogen. Until incubation with primary antibody, all rinses in between incubations were made with TBS-Triton, afterwards with TBS alone. 
Statistical analysis
Data from the morphometry, behavior and biochemical were analyzed using one-way analysis of variance (ANOVA) and subjected to post hoc Bonferroni's multiple comparison tests. The results are expressed as mean ±SEM. Statistical analyses were performed using Graphpad Prism software (version 5.0, La Jolla, CA). Values of p ≤ 0.05 were considered statistically significant.
Results
Effect of CPF and NSO on the nitrosative stress in hippocampus
Exposures of rat to CPF resulted in a significant increase in the level of hippocampal NO when compared to control rats that received Normal saline. However, simultaneous administration with NSO significantly reverses the NO outburst to a level comparable to control group. Administration of NSO alone significantly ( P ≤ 0.05) decreased NO levels when compared with the control and the CPF alone treated rats ( Fig. 1 ) .
Effect of CPF and NSO on oxidative stress in hippocampus
CPF exposure caused a marked increase ( p ≤ 0.05) in hippocampal ROS activities when compared to controls, however, a simultaneous treatment with NSO showed the depletion of ROS significantly, which was comparable with control group that received Normal saline. Rats given NSO only had total ROS level comparable to control group ( Fig. 2 ) . Fig. 9 . Representative photomicrographs of cornu ammonis 3 sub-field of the hippocampus of rats exposed to Normal saline (NS), chlopyrifos (CPF), chlopyrifos + Nigella sativa oil (CPF + NSO) and Nigella sativa oil (NSO). There is no marked damage in the CA3 subfield following CPF exposure. CFV 100X.
CPF induced AChE inhibition in the hippocampus: effects of NSO
CPF treated rats showed a significant ( p ≤ 0.05) depletion in the hippocampal AChE activity compared to normal control rats and the NSO treated rats. Co-administration of NSO with CPF resulted in a considerable but non-significant reactivation of the depleted AChE activities in the hippocampus of the CPF exposed, while a significant ( p ≤ 0.05) improvement was observed in the NSO only treated rats compared to the control and other groups ( Fig. 3 ) .
NSO preserved cognitive functions in CPF insult
CPF exposure significantly ( p ≤ 0.05) caused a delay in the escape latency (STM and LTM), the time required to reach the submerged hidden platform in the Morris water maze (MWM) task, when compared with the saline treated control and the NSO only treated rats. Interventional treatment with NSO, alone or in concurrent exposure with CPF, significantly ( p ≤ 0.05) shortened the escape latency in the treated rats. During the probe trial, CPF rats failed to retrieve the precise location of the hidden platform and spent significantly ( p ≤ 0.05) less time in the target quadrant compared to the control group ( p ≤ 0.05). However, those groups treated with NSO however, spent more time on average in the target quadrant searching for the hidden platform. ( Figs. 4 , 5 
and 6 )
Protective efficacy of NSO in CPF induced neurodegenerative like activities in the hippocampus
Exposure to CPF caused no marked deterioration in the general integrities of the hippocampal subfields (CA 1, 2, 3 and DG), but few necrotic like vacuolations in the cornuammonis pyramidal cells were noted, these effects were however in minimal in the CPF + NSO group. Similarly, a marked loss in density and denaturation were observed in the neurogenic Fig. 10 . Representative photomicrographs of dentate gyrus of rats exposed to Normal saline (NS), chlopyrifos (CPF), chlopyrifos + Nigella sativa oil (CPF + NSO) and Nigella sativa oil (NSO). There is no marked damage in the dentate gyrus following CPF exposure. CFV 100X. proteins (Ki67 + ) cells in the hippocampal subfields, the dentate gyrus and the subventricular zone of the CPF exposed rats, but this was however prevented by NSO intervention ( Fig. 13 ).
Discussion
Excessive exposure to CPF has been reported to result in cognitive deficit, depression and anxiety in rodents via oxidation and massive AChE inhibition [11, 15, 32, 57, 58] . To date, effective treatment of cognitive deficit induced by environmental toxic agents still remain a challenge to neuroscience community. Neuroprotective measures that can prevent and stop progression of neuronal damage cause by toxic agents would go a long way in improving cognitive performance and other neurological disorders observed in affected patients. In this study, we assessed the potential efficacy of NSO, a known antioxidant, in the prevention of CPF-induced cognitive impairment and its possible mechanism.
By combining biochemical, immune-histochemical and behavioral assay, we showed that NSO efficiently improved cognitive performance in CPF-induced cognitive deficit by increasing antioxidant capacity, anti-inflammatory activity and increased proliferation of adult-born granule cells via adult neurogenesis, evident by Ki-67 expression in the dentate gyrus of NSO treated rats. We recently demonstrated that CPF administration resulted in body and brain weight loss, which are considered as indirect markers of metabolic functions, and the recorded oxidative damage was implicated therein [32] . A similar phenomenon was also observed in the work of [54] and [67] where CPF altered body weight negatively, a change that we herein attribute to the oxidative damage, and confirmed as a possible trend from other OPs [23, 55] .
Based on previous reports that have implicated oxidative stress as the major underlying mechanism of CPF-induced toxicity [8, 53] , we assessed the effect of CPF on total hippocampal ROS. Administration of CPF significantly increased the ROS level in the CPF treated groups compared to the control. In our study, a marked increase in total ROS in the hippocampal tissues of the CPF exposed rats was recorded, suggesting damage to the cellular membrane of the major cells thus leading to the leak and subsequent oxidative damages in the hippocampus. This finding can be strengthened with previous reports Fig. 11 . Representative photomicrographs of the distribution of Ki67 immunoreactive cells in the Connus Amonis fields of hippocampus of rats exposed to Norm Normal saline (NS), chlopyrifos (CPF), chlopyrifos + Nigella sativa oil (CPF + NSO) and Nigella sativa oil (NSO). The red arrows points to a Ki67 immunoreactive nuclei in the hippocampal subfields. A reduced number of the nuclei can be noted in the CPF exposed hippocampus, while a relative preserved density is observed with NSO intervention. Ki67 immunohistochemistry 100X. that submitted that poisoning (inhalation or oral) from CPF exposure causes oxidative damages and more implicated is the high levels of ROS in the exposed animals [6, 32, 37, 63] .
But, in an interesting outcome, co-administration of NSO with CPF significantly prevented a rise in the level of ROS while the administration of NSO alone maintained an hippocampal ROS level that is comparable to the saline treated control. This result further confirmed oxidative stress as one of the mechanism of CPF cytotoxicity. In addition, it also showed the efficacy of NSO antioxidant property in combating environmental toxic agent-induced oxidative stress [31, 32] .
Furthermore, we evaluated the protective effect of NSO against CPF-induced enhancement of inflammatory marker, have been implicated in the pathophysiology of many neurodegenerative diseases and in neuro-inflammation during systemic inflammation, nitric oxide, NO [66, 68] , in the hippocampus. Animals treated with CPF alone showed a significant increase in the elevation of hippocampal NO, an indication of neuro-inflammatory activities which has been implicated in various neurological disorder [47] . It was recently reported that, increased neuro-inflammation in the hippocampus resulted in pronounced poor cognitive performance [25] , and the induced increase in hippocampal NO by CPF in this study, further suggested it promotes neuro-inflammation.
Concomitant administration of NSO however, prevented elevation of hippocampal NO levels in the exposed rats, and consequently inferred to reduce neuro-inflammation. This data is suggestive of NSO a potent anti-inflammatory, and may be further explored against neurological insults.
AChE being an enzyme involved in the hydrolysis of ACh at cholinergic synapses, is said to be essential for modulation of neurobehaviors such as learning, memory and movement [17] . AChE inhibition has been largely reported after CPF administration in rats and suggested as one of the main mechanisms of CPF-induced impaired cognitive performance [48] . Consistently, our data showed that CPF administration caused a significant reduction in the hippocampal AChE activity. Coadministration of NSO with CPF slightly increased hippocampal AChE activity but could not return to the level found in Fig. 12 . Representative photomicrographs of the distribution of Ki67 immunoreactive cells in the dentate gyrus of rats exposed to Normal saline (NS), chlopyrifos (CPF), chlopyrifos + Nigella sativa oil (CPF + NSO) and Nigella sativa oil (NSO). The red arrows points to a Ki67 immunoreactive nuclei in the dentate gyrus. A reduced number of the nuclei can be noted in the CPF exposed dentate gyrus, while a relative preserved density is observed with NSO intervention, especially in the NSO only treated rats. Ki67 immunohistochemistry 100X. control rats. This observation could be due to fact that NSO has less effect on AChE activity or CPF-induced AChE inhibition might be largely irreversible [15] . However, cholinergic pathway inhibition is said not to be sufficient to produce marked memory deficit observed in CPF treated rats, as other non-cholinergic pathways have been reported to be involved in the modulation of learning and memory. We hypothesized that CPF also altered the generation and proliferation of new born neurons in the sub-granular layer of the DG, and subsequently prevented integration of new neurons into learning and memory circuitry resulting in cognitive deficits. CFP administration substantially reduced Ki67, a proliferating cell marker and adult neurogenesis, expression in the SGZ which indicated a reduction in the proliferation of adult born neurons. Interestingly, rats treated with NSO and CPF showed high expression of Ki67 in the SGZ. It is worthy to note that rats given NSO only show significantly higher expression of Ki-67 compare to the controls, indicating NSO is capable of improving cell proliferation in the DG and consequently integration of the adult born new cells into memory and learning circuitry. The higher number of Ki-67-immunopositive cells suggests a larger population of dividing progenitor cells [41] .
Learning and memory are the main function of the hippocampus, and these cognitive functions have been reported to be modulated by adult hippocampal neurogenesis in rats [22, 39] . Good learner mice are reported to have high rate of neurogenesis in the adult DG [12] . Hippocampal neurogenesis has been observed throughout the adult lives of many mammals studied to date [12] . New neurons in the adult hippocampus originate in the progenitor cells located at the border between the hilus and GCL, which is a region called the sub-granular zone (SGZ) of the DG.
In conformity with the oxidative damages and ChE dysfunctions enumerated above, coupled with the loss in Ki67 immunoreactive nuclei in the hippocampus, the spatial memory assessed using MWM showed that CPF exposed rats had poor performance in spatial learning as they spent more time in locating hidden platform, and spent less time exploring the platform quadrant during the probe test. These activities were significantly mitigated by intervention with NSO, in the CPF and NSO co-administrated rats. Consistent with the Ki67 expression in the SGZ in the NSO treated rats, NSO only treated rats Fig. 13 . Representative photomicrographs of the distribution of Ki67 immunoreactive cells in the sub-ventricular zone of rats exposed to Normal saline (NS), chlopyrifos (CPF), chlopyrifos + Nigella sativa oil (CPF + NSO) and Nigella sativa oil (NSO). The red arrows points to a Ki67 immunoreactive nuclei in the subventricular zones. A reduced number of the nuclei can be noted in the CPF exposedrats, while a relative preserved density is observed with NSO intervention. Ki67 immunohistochemistry 100X.
showed improve cognitive performance in LTM, STM and reference memory. Altogether, our neurobehavioral assessment showed that NSO administration significantly improved the spatial learning and reference memory possibly via improved integration of adult born cells into functional hippocampal circuitry. These effects can be supported by its reported potency in enhancing indices of neurocognitive and psycho-cognitive functions in models of neurodegenerative disorders and neurotoxicity [26, 30] .
Conclusion
The data presented in this study showed that exposure to CPF caused impaired cognitive performance via multifaceted pathways including oxidative damages, AChE inhibition and reduced potential adult neurogenesis in the hippocampus of rats. Interestingly, interventional treatment with NSO shortly after CPF insult mitigated and improved all the neurocognitive indices which may possibly be via the preservation of adult neurogenesis and depletion of stressor markers in the hippocampus of the treated rats. Altogether, our findings revealed NSO supplementation as a potentially effective strategy in combating pesticide-induced cognitive deficits.
